The present study sought to identify Escherichia coli sources in a small catchment and to use the agro-hydrological model soil and water assessment tool (SWAT) to estimate their impact on river water quality. The innovative aspects of this research are to assess the hourly variations of fecal contamination and to take these variations into account in the model to provide a better evaluation of river quality. Thus, water samples were taken weekly at the river outlet (n ¼ 4) and 24-h monitoring sessions were performed during low and high-flow periods (n ¼ 74). E. coli variations were found to be primarily linked to rainfall and not to resuspension mechanisms. Subdaily fluctuations and deviations were ±0.33 log 10 cfu/100 mL and ±0.70 log 10 cfu/100 mL for dry (<3 mm/day) and wet (>3 mm/day) weather, respectively. After river flow calibration, all known pollution sources (septic systems, manure spreading, farm discharges) were introduced into SWAT. The model reproduced the fecal contamination in the river and the use of subdaily deviations allowed us to evaluate the simulation quality and compare grab samplings with simulated daily E. coli concentration, thus confirming that the performance of the model is better when additional information on hourly concentration variations is used.
INTRODUCTION
Over the years hydrologists have developed numerous predictive tools (e.g. empirical models, lumped models, distributed models and statistical models) that aid decision making with respect to water resources and water quality management. For a long time, applications of more However, recently gained knowledge and new technological advances presently offer solutions that could improve models currently available for water quality prediction, by improving understanding of the processes or by offering more advanced theories, new measurement technologies (satellites, environmental or microbial tracers), and advanced data processing, archiving and visualization technologies (Sivapalan et al. ) . Panels of tools have recently been successfully applied to compare and display how potential scenarios will impact watersheds, especially with regard to runoff and water quality. These include forecasting models, stochastic models, agro-hydrologic models (MIKE- With regard to water quality, one promising method is the application of watershed models to fecal quality, which provides an interesting approach to assess agricultural practices and to propose alternatives to improve river quality (Ferguson et In parallel, fecal catchment budgets were successfully generated: total maximum daily load (TMDL) approaches, recommended by US EPA regulation (EPA ), were established in water bodies not meeting the water quality standards; land use water quality models were set up with a large extension in UK watersheds (Kay et al. , ) ; and a process-based mathematical modeling was also applied to catchment pathogen budgets (Ferguson et al. ) .
The models have proved to be extremely useful for simulating pollutant sources, enabling the reduction of pollution from those sources and improvement of water quality to meet the applicable state water-quality standards (EPA , ). They are also an important tool for hypothesis building in the search for significant diffuse sources. Water- Such models range in complexity, from simple, empirical ones to highly complex models with extensive data requirements. On a daily time scale, relatively simple models can give good results. Nevertheless, most of the time, they fail to take hourly variations into account; hourly temporal resolution could sometimes be of interest, to simulate short storm events (Micovic & Quick ). Davies-Colley et al. ). The short-term response during storm events must, therefore, be taken into account. However, hourly temporal distribution of bacterial loads, which has to be introduced in the model, represents a major difficulty, given the limited information available and the fact that good-quality input data are usually only available on a daily or monthly time step. For these reasons, daily time scale models are often taken as a good compromise between the difficulty in getting precise information on bacterial input and the necessity to simulate short events.
The focus of this paper is to present an innovative approach to obtaining a good representation of the hourly variations of E. coli concentrations observed in situ, investigated using simple methodology and a modified daily time step model. Thus, the study objectives were: (1) to determine the hourly range of variation of E. coli concentration as a function of two major factors (rainfall and sediment resuspension); and (2) to combine field results with the daily modeling of E. coli concentrations in rivers using the agrohydrological model SWAT. The application was set up in a small rural catchment named Sainte Anne (SA) located in Brittany (western France).
METHODS

Study site presentation
The study was conducted in the 5 km 2 SA catchment located on the western French Atlantic coast. Figure 1 shows the map of the watershed indicating monitoring stations and the wastewater treatment plant.
The river system has a main river, Le Nevent, which is 
Escherichia coli analyses
We collected water at point 1: daily samplings from April In our study, this procedure was adapted to characteristics of the river, which has a limited size, and tracer additions were made according to a slightly modified procedure (Graf ) . For this, 5 mL of fluorescein concentrate were diluted in the 20 L of river water before the experiment 
Meteorological data
Meteorological data (daily precipitation, minimum and maximum air temperatures, wind speed, solar radiation and relative humidity) was obtained from the Guipavas meteorological station managed by Meteo France (Figure 1 ).
Statistical analyses
All statistical analyses were performed on log 10 -transformed values of E. coli concentrations. The study used the very robust Shapiro-Wilk test before the parametric test to ensure the data (log 10 E. coli concentrations measured over 24-h monitoring sessions) had normal distributions. Fisher and Student tests were then used to compare average E. coli concentrations and variance in dry and WW conditions.
SWAT model
SWAT is a continuous time model that operates on a daily 
Model procedures
There were different steps to modeling E. coli fluxes at the outlet of the catchment and then in coastal waters. Each step is important and the details are explained below.
Implementation of SWAT with SA catchment characteristics: digital elevation model, river system, land uses, soils and climatic data 
Integration of contamination sources
Integration with point source (farm discharge locations and septic system discharges) and non-point source ( 
Human sources
Human sources correspond to septic systems and they were simulated as direct discharges in the river. We selected only the septic systems located within 200 m of streams because of their possible impact on river water quality, and those defined as polluting by the local survey done by the regulator. Thus, SWAT integrated two septic systems (Figure 1 ).
The study assumed a discharge defined by an E. coli 
Animal sources
The study considered two types of animal source in the simulation: manure spreading and farm discharge locations.
It assumed that three farm locations caused pollution in streams from washing on hard-surfaced areas. After wash water analyses, farm location discharges were defined as those producing 1 m 3 /day with 3 × 10 5 E. coli/100 mL. • from 15 January to 30 April on corn silage before seedbed preparation;
• from 1 May to 30 June on pasture.
Spreading occurred at the rate of 30 metric tons (wet weight) of manure per hectare, i.e., 4.5 tons dry weight, which corresponds to one working day. From these data, we assumed a spreading calendar to perform spreading on different sub-catchments with:
• two manure spreadings on corn silage from January to April; and
• two manure spreadings on pasture from May to June on each sub-basin.
The manure spread corresponded to fresh swine manure with an E. coli concentration equal to 10 6 E. coli/g (Geldreich ).
RESULTS AND DISCUSSION
Monitoring
Two 24 During the following hours (Hours 9-15), a decrease in concentration was observed; then, a heavy rainfall event (5 mm at Hour 15) was responsible for a new contamination peak two hours after the peak rainfall (4.3 log 10 E. coli/ 100 mL at Hour 17). This end-flush is less important in terms of contamination than the first peak, probably because the surface runoff or riverbed sediments were less rich in fecal coliforms following the first rainfall event.
The WW1 monitoring showed that the lag time of the SA catchment was very short: between 2 and 3 h, depending on previous climate conditions. The current study investigated the role of sediment on fecal water contamination. Resuspension of river sediment at different sites was created by artificial water release. Figure 3 shows the E. coli concentration and turbidity evolutions during the eight experimentation periods (mean and standard deviation (SD)). We observed very little increase in E. coli concentration (<0.5 log 10 colony-forming units (cfu)/100 mL) due to sediment resuspension, while turbidity was multiplied by a factor of 18. Turbidity ranged from 1.7 to 31.5 NTU for T0 and T2
while E. coli concentration varied from 2.1 to 2.4 log 10 cfu/ E. coli/100 mL for rainfall !3 mm/day). Results of monitoring sessions showed that the threshold to observing an impact of rainfall on variation in river contamination ranged from 0 to 3 mm rainfall/24 h for this small rural catchment. In the model, we ran simulations at a daily time step and these dry and wet SD were introduced into SWAT calculations to take into account the subdaily variation of E. coli concentrations in the river. Table 4 presents the results of frequency curve analysis for observed and simulated concentrations.
Concentrations less than 2.3 log 10 E. coli/100 mL and more than 3.7 log 10 E. coli/100 mL reproduced well, but there was an underestimation of E. coli concentrations ranging between 2.7 and 3.3 log 10 E. coli/100 mL. It is interesting to underline the good evaluation of the peaks by the model, because these peaks proved to be the main factor when considering microbial risk assessment. The overall performance of the model was found to be reasonable as the correlation between simulated and observed concentration frequency was good (r 2 ¼ 0.87).
Combining modeling and monitoring
The performance of SWAT was assessed using the entire data set of measured E. coli concentrations at point 1. For this purpose, subdaily DW and WW variations of E. coli concentration in the river were used to compare with discrete measured concentrations. E. coli/100 mL. This value did not correspond to a rainfall event (rainfall ¼ 0 mm). When we tried to reproduce this concentration by SWAT, it corresponded to a point source equivalent of 11.7 log 10 E. coli/day (0.5 m 3 /day and 8.0
log 10 E. coli/100 mL). This could be due to unknown factors such as uncontrolled sewage or manure discharge, a defective septic system discharge or an outflow of a pumping station. In terms of quantity, this source would be comparable to a raw sewage discharge of about 1,000 inhabitant-equivalents, a capacity that is comparable with those living in the upper region of this rural catchment.
The integration of additional data clearly improves the overall performance of predictive models (Kelsey et al. ) . The lack of knowledge of fecal contamination sources is one of the major limits for modeling projects. In order to overcome the problem, it is necessary to have a good knowledge of study catchment characteristics concerning hydrological processes, time of concentration, climatic conditions and contamination events.
Some authors have suggested that using a modeling approach in conjunction with laboratory experiments and field observations, can improve understanding of fate and transport of fecal indicator bacteria in water bodies (Cho et al. ) . In our study, the 24-h monitoring at point 1
showed that rainfall runoff substantially increased E. coli concentrations in a very short time (2 or 3 h), potentially threatening bathing water quality during WW conditions.
Moreover, the subdaily variation of E. coli concentration in the river of this small rural catchment was clearly different between dry (rainfall <3 mm/day) and WW conditions (rainfall >3 mm/day). Thus, it is possible to distinguish a difference between simulated concentrations and measurements due to sampling time or uncertainties in analytical techniques, with a suspicious difference due to an unknown isolated discharge into the river. gives good results. Therefore, the hourly simulation can benefit from more complex modeling (especially the simulation of high-intensity rainfall events), but high-quality input data is also required.
CONCLUSIONS
The present study is a full approach combining monitoring and modeling of E. coli concentration in a recreational area. The paper focuses on the possibility of introducing the hourly variations observed in situ into a daily time scale model. It was applied to a small rural catchment with a lag time response shorter than the model's computational time step. The SWAT model, running on a daily time step, was used to reproduce river flow and E. coli E. coli/100 mL for rainfall <3 mm) and daily rainfall.
concentration in a river with point and non-point agricultural and urban sources. In parallel, the intense field monitoring gave a better understanding of processes in the catchment.
The findings of this study are relevant at the European scale and concern the recent Water Framework Directive (CEU ) and the Bathing Waters Directive (Directive 2006/7/EC, CEU ). To meet the expectations of EU Directives in terms of water quality, a better understanding of loads occurring over a short lag time is need. Greater confidence in our models is also essential to take into account the important development of activities in coastal areas.
Investigation of microbial quality of rivers, lakes and estuaries has become more and more common recently.
Coupled with the possibility afforded by modeling, this will aid understanding of the wider impact of activities on river contamination. In this context, in small watersheds, a shorter model time step (i.e. hourly) will become available.
The main issues arising from the present study are as follows:
• and underlines the necessity of collecting additional information before starting any study, in order to have the opportunity to choose the best modeling approach.
• The results underscore the high variation in fecal contamination due to rainfall events, and the importance of The contamination occurs in a few hours after the rain, most of the time within less than 2-3 h. This field information provides a guide for choosing the time step of the model and confirms the need for an hourly approach.
• The introduction of subdaily variations is a way of improving modeling. We demonstrated that the use of a daily step model on a small catchment, combined with adequate monitoring, offers the best approach for modeling water contamination in a river. 
